One contribution of 15 to a theme issue 'Bioinspired materials and surfaces for green science and technology (part 2)'.
Here, with the aim of obtaining densely packed porous nanostructures of various shape using templateless electropolymerization in organic solvent (dichloromethane), original thieno [3,4-b] thiophenebased monomers with different substituents are studied. First of all, the adding of water in solution has a huge influence on the formation of porous structures because a much higher amount of gas (O 2 and/or H 2 ) is released. Rigid substituents such as aromatic groups have a beneficial effect on the formation of nanotubular structures contrary to flexible ones such as alkyl chains. Special results are obtained with the pyrene substituent (Thieno-Pyr). With this monomer, coral-like structures are obtained. These structures are obtained by the formation first on long nanotubular structures and their sagging due to their weight. Then, the released gas is trapped inside these structures leading to huge craters. These exceptional surfaces could be used in the future in various potential applications such as in drug delivery, cell growth, sensors, optical devices or surface adhesion.
Introduction
Taking inspiration from Nature, it was shown that one of the ways to enhance surface properties is to create not smooth but textured surfaces. This is especially true in wetting surface properties [1] [2] [3] [4] . While the most hydrophobic smooth surfaces such as polytetrafluoroethylene are only slightly hydrophobic with the water apparent contact angle (θ w ) approximately equal to 120°, many textured surfaces in Nature have θ w > 150°with ultra-low surface adhesion.
It is also extremely important to create well-controlled surface structures to understand the relationships between surface structures and surface properties as well as for potential applications, for example in drug delivery, cell growth, sensors, optical devices and surface adhesion [5] [6] [7] [8] [9] [10] [11] [12] [13] . More precisely, obtaining porous nanostructures such as vertically aligned nanotubes has been extensively explored in the literature. However, their preparation often required long and difficult processes such as the use of hard templates, anodized aluminium oxide (AAO) membranes (for example [14] [15] ). For each one desired in the nanotube parameter (height, diameter, etc.), it is necessary to employ another membrane.
The templateless deposition of metals or even of conducting polymers is an excellent alternative to obtain controllable porous nanostructures easily and quicker [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . In templateless electropolymerization, gas bubbles produced directly in situ during the process act as soft templates for the growth of the polymer [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . In the literature, the electropolymerization of pyrrole directly in water (H 2 O) has been intensively studied [20] [21] [22] [23] [24] [25] [26] . In this process, H 2 O can release O 2 and/or H 2 bubbles, which are responsible for the porosity of the nanostructures. A surfactant is necessary to stabilize the gas bubbles during polymer growth. This process is also possible in an organic solvent such as dichloromethane (CH 2 Cl 2 ). Trace water naturally present in solution is sufficient to produce O 2 and/or H 2 bubbles and as a consequence porous structures. By judicious use of the monomer, it is possible to obtain porous structures without surfactant. Exceptional results such as vertically aligned nanotubes were obtained with very rigid monomers such as 3,4-phenylenedioxythiophene (PheDOT), 3,4-naphthlenedioxythiophene (NaphDOT), thienothiophene derivatives and other thiophene-based monomers [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . If the monomer is substituted, highly rigid substituents such as aromatic groups often give better results.
For example, among the thiophene building blocks, thieno [3,4-b] thiophene was found to be a unique monomer with a quinoid-resonance effect and, as a consequence, an excellent molecule for optoelectronic properties [32] [33] [34] [35] . For templateless polymerization, its high polymerization capacity and rigidity make thieno [3,4-b] thiophene an excellent platform molecule. Previous monomers with substituents directly bonded on the 2-position have given excellent results [36] [37] [38] .
In order to increase the polymer rigidity, here we investigate thieno [3,4-b] thiophene-based monomers with an amide bond but directly placed on the 2-position, in order to have a more conjugated system. The original monomers are represented in scheme 1. In order to better characterize the influence of H 2 1 eq. of 1 was mixed to 1 eq. of N-(3-dimethylaminopropyl)-N -ethylcarbodiimide hydrochloride (EDC) and a catalytic amount of 4-(dimethylamino)pyridine (DMAP) in 20 ml of absolute acetonitrile. After stirring for 30 min, 1.2 eq. of the corresponding amine was added to the mixture. After 1 day, the crude product was purified by column chromatography on silica gel (eluent: cyclohexane/diethyl ether 50 : 50) Thieno-C 1 : N-methylthieno [3,4-b] 
(b) Electropolymerization parameters
The electrochemical depositions were performed with a potentiostat (Autolab from Metrohm). Gold-coated silicon substrates (2 cm 2 ) were used as the working electrode, a carbon rod as the counter-electrode and a saturated calomel electrode (SCE) as a reference electrode. Two different solvents were used: either dichloromethane (CH 2 extraction. For each solution, 0.1 M of tetrabutylammonium was added as a supporting electrolyte as well as 0.01 M of monomer. Then, the templateless electrodepositions were performed by cyclic voltammetry from −1 V to E ox at a scan rate of 20 mV s −1 and using a different number of scans (1, 3 and 5) . After each deposition, the substrates were washed three times in dichloromethane.
Smooth surfaces with each polymer were also prepared in CH 2 Cl 2 but at a constant potential (E = E ox ) in order to better control the polymer growth, with a monomer concentration of 0.001 M and an ultra-low deposition charge (1 mC cm −2 ). In order to have the same oxidation state of the polymers obtained by cyclic voltammetry, the polymers were reduced by a simple back scan from 1.2 V to −0.7 V versus SCE (scan rate = 20 mV s −1 ).
(c) Surface characterization
The scanning electron microscopy (SEM) images were obtained using a 6700F microscope (JEOL) in order to investigate the surface morphology. For the surface hydrophobicity, a DSA30 goniometer (Bruker) was used for the determination of the water apparent contact angles (θ w ). Two microlitre water droplets were used and θ w were determined at the triple point. Each datum is a mean of five measurements.
Results and discussion (a) Templateless electropolymerization
According to previous works, cyclic voltammetry was chosen as the electropolymerization process because water (H 2 O) present in the solution can lead to two different gases (H 2 and O 2 ) if the potential range is sufficiently large. O 2 can be formed during the forward scans (anodic scans) and H 2 during the back scans (cathodic scans). Hence, porous polymer structures can be formed if the polymer can grow around the released bubbles during the electropolymerization process. In order to better visualize the importance of water, two different solvents were used: dichloromethane (CH 2 Cl 2 ) and dichloromethane saturated with water (CH 2 Cl 2 + H 2 O). First, the monomer oxidation potential (E ox ) was determined to be around 1.60-1.75 V versus SCE, depending on the substituent. Then, templateless electropolymerizations were performed from −1 V to E ox at a scan rate of 20 mV s −1 . Examples of cyclic voltammograms are given in figure 1 . The cyclic voltammogram of Thieno-C 1 in CH 2 Cl 2 shows that polymerization works very well, leading to extremely long polymer chains. Indeed, for example, the polymer reduction potential is extremely low at approximately −0. 
(b) Surface morphology and wettability
First of all, a huge influence of adding H 2 O is observed. The structures are much more porous in the solvent CH 2 Cl 2 + H 2 O confirming the formation of gas bubbles from H 2 O. Using CH 2 Cl 2 , it is, however, possible to obtain porous structures because there is always trace water in solution.
Using monomers with alkyl chains (Thieno-C n ) and without adding H 2 O, the formation of nanorings of globular shape with similar shape to blood platelets is observed, but only with intermediate alkyl chains (from C 2 to C 6 ) (figure 2). The highest diameter of the rings and the highest number of rings are obtained with Thieno-C 4 . With H 2 O, a change is observed from nanocups to smooth surfaces passing through nanoporous membranes as the alkyl chain length increases.
Using monomers with aromatic groups, no nanoring is observed and the structures are also more porous with the solvent CH 2 from nanocups to a relatively smooth surface as the size of the aromatic groups increases from phenyl to naphthalene. By contrast, unique results are obtained with the pyrene substituent. This is not surprising because the pyrene moiety is known to highly favour π-staking assembly while it also has an oxidation potential in the same range as that of thieno [3,4-b] thiophene. Using CH 2 Cl 2 , extremely rough surfaces are created with some porous structures, while with CH 2 Cl 2 + H 2 O a huge increase in the number and the size of the structures is clearly observed. Various porous structures are observed, such as nanotubes as well as huge cups, similar to those typical of natural coral reefs. SEM images were also obtained with a substrate inclination of 45°in order to better visualize the height of the structures (figure 4). Using Thieno-Pyr and the solvent CH 2 Cl 2 + H 2 O, extremely long tubular structures are formed after one scan. Owing to their weight, these tubular structures are not vertically aligned but begin to sag. Then, because the released gas is trapped by the Table 4 . Surface energies of the corresponding 'smooth' surfaces. sagging of the tubular structures, huge craters are created from these structures when the number of scans increases. A huge amount of craters is observed after five scans.
Comparing to previous works (table 1) , this is the first time that we have observed sagging of the tubular structures and as a consequence the formation of coral-like structures. Indeed, using, for example, PheDOT and NaphDOT derivatives, vertically aligned nanotubes were obtained, which were more rigid [27, 28] . This is also the first time that we used the solvent CH 2 Cl 2 + H 2 O.
The surface hydrophobicity has also been investigated (tables 2 and 3). Here, there is not a clear tendency of the influence of the solvent and as a consequence the surface porosity on the surface hydrophobicity. It is because the surface porosity can induce an increase or decrease of the surface hydrophobicity. In order to better explain these results, it was first necessary to prepare smooth surfaces with each polymer and determine the Young angles (θ Y ) [43] because the contact angles of rough surfaces depend on θ Y as described by Wenzel [44] and Cassie & Baxter [45] . Moreover, from the θ Y with different probe liquids (here, water, diiodomethane and hexadecane were chosen because they have very different surface tensions γ LV = 72.8, 50.8 and 27.5 mN m −1 , respectively), it was also possible to determine the surface energy (γ SV ) as well as the polar ( γ P SV ) and dispersive ( γ D SV ) parts using the Owens-Wendt equation [46] . The θ Y are gathered in table 4. First, all the polymers are intrinsically hydrophilic (θ w Y < 90 • ). As a consequence, only the results for which θ w < θ w Y can be explained with the Wenzel equation (full wetting) [44] .
The other results can be explained only with the Cassie-Baxter equation proving the presence of air trapped inside the surface roughness [45] . For the surface energy determined on the smooth polymers ( γ P S ), a decrease is observed from 50.3 to 37.3 mN m −1 when the alkyl chain increases from methyl to decyl. A smaller decrease from 47.8 to 43.5 mN m −1 is observed when the aromatic group increases from phenyl to pyrene.
Using Thieno-Pyr, polymer films were also prepared at constant potential and using different deposition charges until 400 mC cm −2 (figure 5). With this deposition method, it is expected that the surface morphology can differ because only O 2 bubbles can be produced with this process. Here, the same surface morphology is observed except that the surface structures are less porous than that observed by cyclic voltammetry. In particular, without adding H 2 O only spherical and non-porous particles are observed contrary to the results observed by cyclic voltammetry. Using CH 2 Cl 2 + H 2 O, densely packed vertically aligned nanotubes are formed in the first instance (up to 50 mC cm −2 ) (figure 6). The tubes are much smaller than that observed by cyclic voltammetry. At 100 mC cm −2 , the nanotubes become larger but also rougher and begin to sag. At this stage, most of the nanotubes are not open. Then, huge craters are created from these surfaces when the deposition charge increases also because there is trapped gas. Then, the number of open structures as well as their size increase with the deposition charge until to be extremely large at 400 mC cm −2 .
The surface hydrophobicity has also been investigated (table 5) . This time, the surface porosity induces a decrease in the surface hydrophobicity. 
Conclusion
We have successfully developed arrays of porous nanostructures of tuneable shape through templateless electropolymerization in organic solvent (CH 2 Cl 2 ) thanks to original thieno [3,4-b] thiophene-based monomers. We have clearly demonstrated the huge influence of H 2 O content on the formation of porous structures due to a much higher amount of released gas (O 2 and/or H 2 ). Rigid substituents such as aromatic groups were found to have a beneficial effect on the formation of nanotubular structures contrary to flexible alkyl chains. With the monomer with pyrene substituent, coral-like structures could be obtained. It was demonstrated that these structures are formed in multiple steps: the formation of long nanotubular structures, their sagging due to their weight, the formation of huge craters due to the presence of trapped air inside these structures. These results could be employed in the future in various applications such as in biosensors, catalysts or surface adhesion.
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